Photon echo quantum memory with complete use of natural inhomogeneous 

broadening 
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The photon echo quantum memory is based on a controlled rephasing of the atomic coherence 
excited by signal light field in the inhomogeneously broadened resonant line. Here, we propose a 
novel active mechanism of the atomic rephasing which provides a perfect retrieval of the stored light 
field in the photon echo quantum memory for arbitrary initial inhomogeneous broadening of the 
resonant line. It is shown that the rephasing mechanism can exploit all resonant atoms which max- 
imally increases an optical depth of the resonant transition that is one of the critical parameters for 
realization of highly efficient quantum memory. We also demonstrate that the rephasing mechanism 
can be used for various realizations of the photon echo quantum memory that opens a wide road 
for its practical realization. 

PACS numbers: 03.67.-a, 42.50.Ct, 42.50.Md 



I. INTRODUCTION 

Quantum memory (QM) is one of the key quantum 
devices for practical realization of various basic pro- 
tocols in quantum communication P, Q and quantum 
computation [1, 0]. In the last decade, a considerable 
progress has been achieved in the optical QMs based on 
the atoms in cavities Q , non- resonant Raman transitions 
[1, 0], electromagnetically induced transparency 
and photon-echo QM techniques flB - EoT l . 

The photon echo approach offers promising possibili- 
ties for storage of arbitrary multi-mode light fields pD - 
[24[ as demonstrated recently in a storage of 64 [25| and 
1090 [26 [temporal modes. Record quantum efficiencies 
of 69% 2?| and 87% [28| have been also demonstrated 
for the QM of the traveling light fields in solid state and 
gaseous media. Moreover even higher quantum efficiency 
> 90% is predicted for storage of 100 temporal modes in 
the optimal QED cavity for moderate atomic parameters 
[29l | . However there are serious experimental problems 
in realization of the photon echo QMs with practically 
vital properties which are discussed in the reviews [30l — 
f33l | . Especially it is worth noting that recently developed 
variants of the photon echo QM use quite complicated 
experimental methods (sec below) for realization of very 
delicate spectral manipulations of the inhomogeneously 
broadened (IB) lines which restricts the quantum effi- 
ciency of the QMs, storage time or spectral width of the 
signal light field. In this paper we propose a novel simple 
active mechanism of rephasing (AMR-protocol) of the 
atomic coherence that offers new experimental possibili- 
ties for practical realization of the photon echo QM. 

In the beginning we briefly outline the experimental 
methods providing a temporal and spectral manipula- 



*Electronic address: samoi@yandex.ru 



tions of the atomic coherence excited in the photon echo 
QM media. Then we propose a basic scheme of the AMR- 
protocol by using Raman type of the photon echo QM 
(Raman echo QM) proposed recently in (3(| H3] , further 
developed in [24j,|38| and experimentally demonstrated in 
[H, [3^1 ■ Finally we describe how AMR-procedure can be 
used for original photon echo QM and discuss two per- 
fect realizations of the photon echo QMs where AMR- 
protocol is protected from the negative influence of extra 
quantum noise. In conclusion we summarize the advan- 
tages of AMR-protocol and outline some of its interesting 
applications. 



II. ATOMIC REPHASING IN THE PHOTON 
ECHO QUANTUM MEMORIES 

In accordance with the basic idea [T^j , the photon echo 
QM exploits complete absorption of the signal light pulse 
on the resonant IB transition providing thereby a direct 
pure mapping of the quantum information carried by the 
signal field on the excited coherence of the multi atomic 
ensemble. In a free space scheme, the complete absorp- 
tion of the input light pulse occurs at large optical depth 
for each isochromatic atomic group of the IB line which is 
one of the critical requirement for realization of the effec- 
tive photon echo QM. Subsequent efficient retrieval of the 
stored light field is realized in the echo signal irradiated in 
the backward direction in comparison with the direction 
of the input signal field propagation. Such scenario of the 
echo field generation is realized in accordance with most 
desirable reversible dynamics of the light field retrieval. 
The retrieval is launched by inversion of the frequency 
detunings for each j-th atom Aj(t > t') = —Aj(t < t') 
of the IB resonant atomic transition at some moment of 
time t' (the procedure is called the controlled reversibility 
of IB (CRIB)) and provided by phasematching condition 
for the echo field emission. 
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Concrete realizations of CRIB procedure can be ful- 
filled by various ways, for example it occurs automati- 
cally in the atomic gases due to opposite Doppler fre- 
quency shifts of the echo field irradiated in the backward 
direction to the input signal field propagation [l5j . How- 
ever this scheme does not provide a long-lived QM, so it 
is more interesting for some quantum manipulations of 
the stored light field. CRIB procedure can be realized in 
some crystals by active inversion of local magnetic fields 
[l6| caused by the dipole interaction with nearest nu- 
clei or electron spins. Very promising CRIB procedure 
uses the external electric or magnetic fields for control 
of the solid state photon echo QM media provided by 
preliminary spectral tailoring of the original IB resonant 
line into narrowed single pike. Here, the CRIB proce- 
dure is fulfilled by changing a polarity of the external 
electric (magnetic) field gradient effecting the inversion 
of linear Stark (Zeeman) shifts of the atomic transition 
[lIllllllH!]- However, preliminary tailoring of original IB 
line is accompanied by large reduction of the active atoms 
which considerably reduces an effective optical depth on 
the atomic transition. 

Reduction of the optical depth can be minimized by us- 
ing so called atomic frequency comb (AFC) structure of 
the IB transition [2(j, that offers pro mising possibilities 
for broad band photon echo QM [25l . [26j demonstrated 
recently also for the entangled states of light [HI, [3o| . 
However, even for the ideal AFC, the optimal effective 
optical depth will be more than 10-timcs smaller in com- 
parison with the original optical depth of IB resonant 
line. Besides, some new specific experimental problems 
must be resolved in AFC protocol. In particular, the 
retrieval time can not be shorter of some given value de- 
termined by the AFC structure that excludes a temporal 
flexibility in the readout of the stored information. Per- 
fect tailoring of the AFC structure within the IB line by 
using the laser hole burning technique is also a serious ex- 
perimental problem in the presence of additional atomic 
sublcvcls situated closely to the active levels used in the 
QM. 
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FIG. 1: Energies of the atomic levels and Raman transition 
lf>2 due to interaction with the probe field A\ and writing 
field Q.\ (two left arrows) and with echo field A2 and reading 
field fia (two right arrows). Black small arrows show the 
wave vectors of the fields. |r2i| 2 /Ai is Stark shift of Raman 
transition. 
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FIG. 2: The rephasing pulse £la is switched on adiabatically 
on the transition 1 -H- 3 that causes a Stark shift (dependent 
on A^ 3 with an opposite sign in comparison with the Stark 
shifts induced by the control fields fli and Q2) leading to 
rephasing of the excited Raman coherence R 3 12 . 



III. THE BASIC EQUATIONS 



Basic scheme of the light-atoms interaction for AMR- 
protocol is presented in Fig|T] Fig. [2] and Fig|3j At time 
t=0 the input signal light field A\(t,z) with duration 
St < < T2 (T2 is a decoherent time of the Raman transi- 
tion), carrier frequency u>\ and spectral width Suj enters 
along the +z direction in the medium with three-level 
atoms prepared in the long-lived level I ) = Yif=i I 1 )j- 
The control (writing) field with Rabi frequency Oi is 
switched on before the entrance of the input pulse and 
propagates along the wave vector K\ at small angle to 
z axis with carrier frequency The signal and writing 
fields are in Raman resonance uii — io\ w U21 with suffi- 
ciently large spectral detuning Ai = W31 — uj\ from the 

(31) 

optical transition I O 3 so that Ai 3> Su>, A in (where 



(31) 

A,- n ; is a IB for the transition lf>3). We assume a very 
weak intensity of the signal field (in particular it can be a 
single photon field ) so the excited population of atomic 
levels 2 and 3 can be ignored. To be concrete, below we 
analyze a rare-earth type of three-level scheme in the in- 
organic crystals where large IB ~ 1 8 — 10 10 s _1 can be 
easily realized for optical transition 1 <-> 3 while a spec- 
tral width of the transition 1 -H> 2 reaches few kilo-Hertz 
[3lL HU- So the spectral broadening of the transition 
1 f> 2 is neglegable in a microsecond timescale. In this 
case, we get the following linearized system of Haiscnberg 
equations for the weak signal (echo) fields An{T,z) and 
for long-lived atomic coherence R J 12 between level I and 
2: 
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FIG. 3: Basic AMR-protocol. Temporal sequence of the in- 
teraction with weak signal (Ai) and echo (^2) fields (filled 
blue shapes); writing (fii) and reading (O2 ) control fields are 
applied together with the weak light fields; Q,r is a rephasing 
control laser pulse. 



-(-iye-A v { Tv ,z) = 
^(xM^z) + ^ { ^-j), (1) 



_a_£, 2 ^ s^a) _ iS^AijRis, (2) 

where we have used the moving system of coordinates: 
t < t' , (y = 1), t± = t — z/v\, z = z, and for re- 
trieval: t > i', (V = 2), T-2 = t + Z/V2, z = z, 

<5c^(A 31 ) =5 V + |0,(i)| 2 /,(A 31 ), 5 V = A21 - , 

f„(A 3 31 ) = - — , ^ = 1(2) corresponds to the 

signal (echo) field. For the signal and echo fields we 
have E v (t v ,z) = A v {r v , z) exp{-iu;„(t + (-l) u n v z/c)}, 
n„ is the refractive index for the signal and echo fields; 
for the control fields with Rabi frequency il„(t,r) = 
Q„(t v ) exp{-iu;£t + iK u r}, v v = du>/dk\ u =uj„ are group 
velocities for the signal (echo) in the absence of in- 
teraction with atoms, and f3 v = 2ir{n S)\g v \ 2 jv v with 
atomic density n 0l photon- atom coupling constants <?„, 
and cross section of the signal (echo) fields S; and for 
the atomic coherences P( 2 (t) = R\2.v{t) ex P{*V ? i'(^ z ) ~ 
i(ui v - ul)(t + (-l) v n v z/c)}, A 2 i = UI21 - uix + oj(, 
tp v {r, z) = —((—l) u n„oj°z/c+ K v r), K v is the wave vec- 
tor of the control fields, (...) means an ensemble aver- 
aging over spectral detunings A 31 of IB on the transi- 
tion 1 3 for atoms with spatial coordinates Zj ~ z: 
(...) = / dAi hv G{A{ l u )..., x = 

In the equations (1),(2), we have used slowly varied 
optical coherence Riz{t) which follows adiabatically to 
temporal evolution of the signal (echo) field and atomic 
coherence R{ 2 {t) as R{ 3 (t) = aM^n (t)Rl 2 (t) and 

R{ 1 (t)ttl,Ri 2 (t)=Ri 3 (t) = 0. 



IV. STORAGE 

Similarly to the main idea of photon echo QM fl5j . 
we assume that IB broadening on the Raman transition 
outreaches the light field width and the resonant tran- 
sition has large enough optical depth. By taking into 
account these spectral conditions, we launch the signal 
field into the medium at r = 0. The probe pulse will 
be completely absorbed almost during the time dura- 
tion of the light pulse r = 5t. After the absorption 
we slowly switch off the control field fl v (t > 5t) — > 0, 
so only the atomic coherence on the transition 1 -o- 2 
will be created in the atomic system. By taking into 
account linear equations (1),(2) below we will analyze 
only the behavior of the observable values of the light 
field A v (t Vi z) and atomic coherence R\ 2 {t v ) that is suf- 
ficient for understanding of the main properties of the 
analyzed QM. By assuming that the control field ampli- 
tude £I v= \(t v ) is constant during the interaction with 
probe field Ai{t v ,z), we find A\(ti > St,z) = for 
the optically dense media and the excited atomic co- 
herence R{ 2 (T a > St) = i-^^ exp{-ifc 1 (A J 32 )(T a - 

z/ui)}Ai[(5wi(A 31 ), z\ where 



ii(w, z) = cxp{^[i x - B 1 (lj)]z}A 1 (u;,0), (3) 



B 1 (w)=-± J duG l {u)/[ 1 + i{A 21 -u-Lo)], (4) 

where A\(u),z) = exp{— zwr}Ai(r, z)dr, Gi(u) ~ 

G(^—^ Ai), 7 is a negligibly small decay constant of 

the atomic coherence. 

By using Eqs. (3), (4), we find the absorption coeffi- 
cient /3ii?e[Bi(w)] = ^G(J-^-j-Ai) on the frequency 
detuning uj. The maximum absorption coefficient will be 
on the frequencies w close to lo — A 2 \ — where 
the function G(0) has a maximum. It is also clear that 
Im[Bi(uj )} = for small value \ui — lj \ <C Af^, respec- 

tively. The value A * 1 is a Stark shift of the IB Raman 
transition 1h2 induced by the control field Q\. 

After absorption the probe field (at time T\ ~ T a ) 
we switch of the control field during T a < t < T s 
for long-lived storage of the light field so R 3 12 (T S ) = 
cxp{-i 5uji(A 31 , Ti)dTi}R 3 12 (T a ). We note that 
switching of the control field f2i freezes further dephas- 
ing of the atomic coherence. Below we propose a AMR 
procedure for rephasing of the excited coherence R12 
by launching of one additional nonresonant control laser 
pulse. 
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V. AMR-PROTOCOL FOR CONTROL OF 
ATOMIC COHERENCE 

The principle spectral scheme of the rephasing process 
is depicted in the Fig. [2J We launch a nonrcsonant con- 
trol light pulse fijj(T) coupling only the atomic levels 1 
and 3. Carrier frequency of the rephasing pulse coincides 
with carrier frequency of the signal field. It is well-known 
that the selective interaction of the control field with the 
transition 1—^3 can be experimentally realized by ex- 
ploiting the properties of allowed and forbidden atomic 
transitions or frequency vicinity between the carrier fre- 
quency and the atomic transition (see also below). Here, 
the evolution of atomic coherence R{ 2 is determined by 
the following equation. 



where the frequency detuning 



Sujr(A 31 ,- 



■)=^(r)-|Ofi(r)| 2 /i(A J 31 ), 



(5) 



(6) 



where 5r(t) = A 2 i + R ^'' ■ We note that the frequency 
shift Su>r(A 31 ,t) gets an opposite frequency dependence 
on the atomic detuning A 31 in comparison with the fre- 
quency shift in Eq. (2). This is a result that the rephas- 
ing nonresonant field couples the atomic states 1 <-> 3 
but not the states 2f>3. Here, we have also assumed 
a slowly (adiabatically) varying amplitude of the con- 
trol field Qr(t) that excludes any real atomic transition 
1 H 3. However, below we also discuss an additional 
method which have to be applied for complete elimina- 
tion of negative influence caused by the spontaneous in- 
duced transition 1 — > 2 during the rephasing procedure. 

We apply the rephasing field Qr{t) only for finite tem- 
poral duration Tr. The switching of the rephasing pulse 
results to the following atomic coherence 

t s +t r 

R{ 2 (T S + T R ) = exp{-z J 5ujR(Ai l7 T)dT}R{ 2 (T s ) 



A 1+ A J 31 



't exp{-i# + if 1 (A 31 )P(S, R)}Ai[5uji(A 31 ), 



(7) 



where 6 = J_ a 6%dT + J T B R dRdr is a constant 

phase shift, the factor P(S,R) = J^ +Tr \n R (r)\ 2 dT - 

JL^o |^i(Ti)| 2 dri determines conditions of the atomic 
rephasing. For some fixed temporal duration T' Rl the 
factor P(S, R) = that means a complete recovering of 
the atomic coherence R\2- Below we use larger tempo- 
ral duration Tr > T' R where the rephased coherence is 
realized again but with opposite atomic phase shifts for 
each isochromatic group. For simplicity we use equaled 



magnitudes of the control fields fix = Qr with adiabatic 
switching of the rephasing pulse at time t = T s + Tr 
(£Ir(t > T s + Tr) = 0). By assuming a large enough 
temporal duration Tr (for example Tr = 2T S or larger) 
we have prepared the atomic system (R12) for readout of 
the stored signal light field. 



VI. ECHO SIGNAL IRRADIATION 

Here we launch the readout control pulse r2 2 (T 2 ) at 
t~2 > T s + Tr in the almost opposite direction in compari- 
son with the first writing control pulse in order to provide 
phasematching condition and propagation of the echo 
field in the backward direction to the signal light pulse 
(see also the details in [Hj]). In this case we prepare the 
initial atomic state on the second ground level and exploit 
larger wave vectors of the writing and reading control 
laser fields that leads us the following initial atomic co- 
herence R{ 2m {T s + T R ) = R{ 2 (T s +T R )exp{iSk(A 31 )z}, 
where the appropriate value of 5k provides the phasemis- 
match condition (see below) due to using an difference 
of energies between level 1 and 2. In order to satisfy a 
temporally reversible behavior we exploit the same am- 
plitude of the reading control field 0,2 — Oi during the 
echo signal emission and the same frequency detuning 
A 2 = Ai. 

Evolution of the light field dynamics is determined by 
the equations (1) and (2) with index v = 2. Initially, the 
launched reading pulse will only recover the macroscopic 
atomic coherence R12 during temporal interval T s — T a 
so the complete rephasing of the atomic coherence will 
occur later at t = Tr + T s = 3T S . By taking into account 
the initial state in Eq. (7), we find the following equation 
for the Fourier component of the echo field ^2(0;, z) 



-£A 2 {u,z) = ^{i X - B 1 (u;))A 2 (u;,z) 



■exp{i(uTR-0)}}— ! 

9i J 



ttP f dAe iSk ^ z G(A)\Q. x f 



(A1+A) 2 



cx P { +Jj P(S, R)h (A) + s f[ix- B l [Sun (A)] J z} 

5( w -^ 1 (A))i 1 (^ 1 (A),0), (8) 

where 9 is some constant phase shift. 

By integrating (8) over the delta-function S(ui — 

in 1 2 

5u>i(A)) with substitution u = ^2}^ > we find the fol- 
lowing solution 



A 2 (lo, z = 0) = - cxp{-i9 + MT R + T s )} 



B 1 (^)- J [ x +5fc(w)//3i] 



Ai(w,0), (9) 



where we have taken into account T s = P(S, R)/\fti\ 2 
and large optical depth of the Raman transition 
i?e[5i(w)]/3L » 1. 
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The function G(4-^ Ai ) reaches a maximum while 

Im[B\{uj)] = (ui — w')-Bi(w')^, close to the frequency de- 
tuning uj' = A21 — |f^i| 2 /Ai (center of the input pulse 
spectrum). Therefore as it is seen in Eq.(9), we can sat- 
isfy the phase matching condition by using of the relation 
5k(uj) = —ftiX + <^ J /(u; — UJ ')- So the denominator in 
Eq.(9) can be simplified for narrow spectral width of the 
input light field as follows 

(fli(w)-i[x + <yfc(w)//3i]) S 

^(^-AiJexp^w-wOM. (10) 

where <Sr ^ - <K//^i)/ G ( )- Finally after 

the Fourier transformation we find the echo field 

A 2 (t,z = 0) = 
- exp{i(cj'5T - 0)}Ai(t -T r -T s +6t,z = 0). (11) 

As seen in Eq.(10), the echo field completely repro- 
duces the input signal field similar to AFC protocol while 
we remind that usual scenario of the photon echo QM [l5[ 
leads to the temporally reversed shape to the signal field. 
The original temporal shape of the echo field in AMR- 
protocol is caused by the same temporal behavior of the 
atomic coherence on each spectral component of the IB 
line. Here, we have to note that absence of the temporal 
reversibility in light-atoms dynamics can lead to unre- 
versible behavior due to spectral dispersion in echo field 
emission (see denominator in Eq.(9)). However the weak 
dispersion leads only to an additional time delay — St 
and phase shift lo'St which is possible for narrow enough 
spectral width of the signal field. 

The described scheme of QM needs additional analysis 
and some improvement since the rephasing laser pulse 
induces spontaneous Raman transitions 1 >— > |2 > so a 
direct use of the schemes depicted in Figs. 1-3 leads to ex- 
tra quantum noises in the irradiated echo field. Below we 
describe the procedure providing complete elimination of 
any drawbacks caused by the spontaneous transitions. 

Let us consider four level realization of the described 
QM protocol depicted in FigfJ] where an additional 
(buffer) level 4 could be some hyperfine sublevel similar 
to other ground levels 1 and 2. Here, we assume that the 
transition 1 ><H> 4 > is forbidden for the Raman transi- 
tions realized during the storage and echo field retrieval. 
Before rephasing of the excited atomic coherence R\ 2 by 
the laser pulse FIr, we transfer the coherence R\ 2 to the 
long-lived coherence Ru by resonant 7r-pulse on the tran- 
sition 1 2 ><H» 1 4 >. Then we apply the laser pulse SIr 
which rephases now the coherence R14 that follows the 
equations similar to Eqs.(5),(6). Rephasing of coherence 
i?i4 is accompanied by some additional population Sp 2 of 
level 2 due to the spontaneous Raman transitions caused 
by the rephasing pulse ilu (see FigU). After that we can 
apply second it- pulse on the transition |2 ><H> |4 > for 




FIG. 4: Atomic transitions in four level systems where first 
two arrows indicate the input Ai and writing $^2 fields, then 
7r- pulse transfer the atoms from level 2 to the level 4; laser 
pulse £Ir rephases the atomic coherence R14 and leads to 
spontaneous transitions of atoms on level 2 (dotted waved 
arrow directed to level 2); the additional atomic population 
Sp of level 2 is transferred to the level 4 by second n pulse; 
last two arrows indicate the reading Q2 and echo A2 fields. 

transfer of the rephased coherence R14 to the coherence 
R12 and remove the atomic population Sp 2 to the level 4. 
Thereby the coherence R\ 2 is prepared for retrieval of the 
stored information in the echo field A 2 without any quan- 
tum noise since all the atoms excited by the spontaneous 
Raman transitions will stay on the level 4. 

Finally we note that the described procedure of AMR 
can be applied for original scheme of the photon echo QM 
[HI liH ] where the input signal pulse is absorbed on the 
optical transition |1 ><R- |3 >. In this case we have to 
use large enough spectral detuning Ai 2> |Aj 3 | for the 
rephasing pulse so that the frequency detunings during 
the rephasing stage will be given by fi^/(Ai + A{ 3 ) = 
f2jj/Ai — A{ 3 |r2fl/Ai| 2 . Here, we get the same spec- 
tral shape of IB as it takes place for the absorption of 
the signal light field. Moreover by taking into account 
that factor fn = |f2fl/Ai| 2 can be close to unity, we can 
rephase the excited atomic coherence R13 (after transfer 
to the long lived coherence R\ 2 ) within the same tempo- 
ral scale and eliminate thereby the negative drawbacks 
caused by the spontaneous transitions on the level 2 as 
it is described in previous section. 



VII. CONCLUSION 

We have described a novel simple scheme of the pho- 
ton echo QM where the rephasing of the atomic coherence 
(AMR procedure) is realized by using of additional non- 
resonant interaction with control laser field. We have also 



6 



demonstrated that the proposed atomic rephasing can be 
realized without negative influence of the quantum noises 
by using an additional buffer level 4 for the atoms ex- 
cited by the spontaneous Raman transitions during the 
rephasing stage. We have shown that AMR procedure 
can be used for Raman echo QM and for usual photon 
echo QM. In the last case we use larger spectral detun- 
ing lAgjJ << Ai where the Raman transition will get 
a spectral IB shape which is differed only by the fac- 
tor fft = \ flft\ 2 / Ax\ 2 from the original shape of IB line. 
Therefore the time of echo field irradiation will be scaled 
only by the factor 

The proposed AMR procedure provides a possibility 
of photon echo QMs for atomic systems with arbitrary 
inhomogeneous broadenings that offers now new prac- 
tical perspectives for realization of the efficient optical 
quantum memories and repeaters. We believe that the 
proposed scheme of photon echo QMs will be interesting 
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promising for nanoscale storage of the light fields |4lj . 
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